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Systemic sclerosis (scleroderma) is an autoimmune
disease characterized by excessive extracellular ma-
trix deposition in the skin. A direct role for B lym-
phocytes in disease development or progression has
remained controversial, although autoantibody pro-
duction is a feature of this disease. To address this
issue, skin sclerosis and autoimmunity were assessed
in tight-skin mice, a genetic model of human systemic
sclerosis, after circulating and tissue B-cell depletion
using an anti-mouse CD20 monoclonal antibody be-
fore (day 3 after birth) and after disease development
(day 56). CD20 monoclonal antibody treatment (10 to
20 �g) depleted the majority (85 to 99%) of circulating
and tissue B cells in newborn and adult tight-skin
mice by days 56 and 112, respectively. B-cell deple-
tion in newborn tight-skin mice significantly sup-
pressed (�43%) the development of skin fibrosis,
autoantibody production, and hypergammaglobuline-
mia. B-cell depletion also restored a more normal bal-
ance between Th1 and Th2 cytokine mRNA expression
in the skin. By contrast, B-cell depletion did not affect
skin fibrosis, hypergammaglobulinemia, and autoanti-
body levels in adult mice with established disease.
Thereby, B-cell depletion during disease onset sup-
pressed skin fibrosis, indicating that B cells contribute
to the initiation of systemic sclerosis pathogenesis
in tight-skin mice but are not required for disease

maintenance. (Am J Pathol 2006, 169:954–966; DOI:

10.2353/ajpath.2006.060205)

Systemic sclerosis (SSc, scleroderma) is a connective
tissue disease characterized by excessive extracellu-
lar matrix deposition in the skin and visceral organs.1,2

Although the molecular basis for SSc pathogenesis is
unknown, hypergammaglobulinemia, polyclonal and
memory B-cell hyperactivity, and altered B-cell ho-
meostasis are found in SSc patients,3–5 with B-cell-
associated transcripts up-regulated in lesional skin.6

Disease-specific autoantibodies reactive with DNA to-
poisomerase I, RNA polymerases, and fibrillin-1 further
suggests that activated B cells contribute to disease
pathogenesis.7–10 Moreover, B cells from SSc patients
overexpress CD19,11 a signal transduction molecule
that regulates B-cell responses to self and foreign an-
tigens. A CD19 gene polymorphism also correlates
with SSc susceptibility.12 Despite these findings, a role
for B cells in SSc pathogenesis has remained
controversial.13

The tight-skin (Tsk/�) mouse serves as a model for
SSc,14 with increased synthesis and accumulation of
collagen and other extracellular matrix proteins in the
skin.15 Homozygous mice die in utero, whereas het-
erozygous Tsk/� mice survive but develop skin fibro-
sis.16 A tandem duplication within the fibrillin-1 gene
causes tissue hyperplasia and the SSc-like pheno-
type.17–21 However, there is also an immunological
component to disease pathogenesis because CD4� T
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cells, mast cells, and other immunocompetent cells
contribute to skin fibrosis in Tsk/� mice.22–25 For ex-
ample, the infusion of bone marrow and spleen cells
from tight-skin mice into normal mice induces a Tsk-
like cutaneous phenotype and autoantibodies.22,26 Im-
portantly, the adoptive transfer of enriched B or T cells
alone into normal syngeneic mice does not cause skin
fibrosis, whereas B cells alone increased autoantibody
production.22 T helper 2 (Th2) cells and T-cell-secreted
profibrogenic cytokines contribute specifically to the
fibrotic processes in scleroderma.23,27,28 By contrast,
CpG oligodeoxynucleotide or interleukin (IL)-12 inhibit
skin sclerosis in Tsk/� mice by stimulating a Th1 im-
mune response.29,30 Transforming growth factor
(TGF)-� and IL-4 may contribute directly to skin fibrosis
because they induce hyperresponsive collagen pro-
duction in Tsk/� fibroblasts.28,31 Reciprocally, skin fi-
brosis is prevented in Tsk/� mice bearing IL-4, IL-4
receptor, STAT6, or TGF-� gene mutations or by the
administration of anti-IL-4 monoclonal antibody (mAb)
to newborn Tsk/� mice.27,28,32–34 Disrupting IL-4 res-
cues mice homozygous for the tight-skin mutation from
embryonic death and also diminishes TGF-� produc-
tion by fibroblasts.33 The phenotypic characteristics of
SSc patients and Tsk/� mice are similar, except Tsk/�

mice have pulmonary emphysema and cardiac hyper-
trophy14 that are not inhibited by anti-IL-4 mAb, the
absence of CD4� T cells, or IL-4, IL-4 receptor, TGF-�,
or Stat6 deficiencies.23,27,32,34 Tsk/� B cells also dis-
play a hyperresponsive phenotype, with enhanced
CD19-induced [Ca2�]i responses, higher levels of
CD19 tyrosine phosphorylation,13,35 impaired CD22
regulation of signal transduction,36 and the production
of autoantibodies against SSc-specific target autoanti-
gens, such as topoisomerase I, RNA polymerase I, and
fibrillin-1.37,38 There is also a correlation between the
concentration of serum anti-topoisomerase I autoanti-
bodies in Tsk/� mice and histological and biochemical
alterations in the skin.39 Likewise, human autoantibod-
ies to fibrillin-1 activate normal human fibroblasts in
culture through the TGF pathway to recapitulate the
scleroderma phenotype.10 Thereby, CD19 deficiency
in Tsk/� mice down-regulates B-cell function, improves
skin sclerosis (�36%), and inhibits autoimmunity.35

However, whether B cells initiate, contribute to disease
progression, or play a role in the maintenance of es-
tablished disease remains unresolved.

B-cell depletion using CD20 mAb-based immunother-
apy is an effective treatment for rheumatoid arthritis and
other autoimmune diseases,40 but it has not been exam-
ined in SSc patients in which current therapies do not
improve or suppress the development of skin sclerosis.
Likewise, therapeutic strategies that improve skin sclero-
sis in adult Tsk/� mice with disease have not been iden-
tified. Therefore, a role for B cells in SSc pathogenesis
was assessed in Tsk/� mice using mouse anti-mouse
CD20 mAbs that provide a preclinical test for B-cell de-
pletion immunotherapy that is amenable to mechanistic
studies and genetic manipulation.41–44

Materials and Methods

Immunotherapy

Tsk/� and wild-type littermates were generated by cross-
ing Tsk/� males (C57BL/6; Jackson Laboratory, Bar Har-
bor, ME) with wild-type females. CD20�/� mice were as
described.41 Female mice were given 5 to 250 �g of
sterile IgG2a (MB20-11) anti-mouse CD20 mAb41 or iso-
type-matched control mAb in PBS. In most cases, mice
were injected with mAb every 2 weeks, for a total of four
treatments. All mice were housed in a specific pathogen-
free barrier facility and screened regularly for pathogens.
All studies and procedures were approved by the Com-
mittee on Animal Experimentation of Kanazawa University
Graduate School of Medical Science or the Duke Univer-
sity Animal Care and Use Committee.

Flow Cytometry Analysis

Antibodies used included phycoerythrin (PE)-conju-
gated CD19 (MB19-1)45 mAb; fluorescein isothiocya-
nate-conjugated B220, CD3, CD4, CD8, and NK1.1
mAbs; and Cy5-conjugated mAb (all from BD Pharm-
ingen, San Diego, CA). Thy1.2 mAb (Caltag, Burlin-
game, CA) was used for T-cell enumeration. For mouse
CD20 expression, biotin-conjugated mouse anti-
mouse CD20 (MB20-18)41 mAb was used, with biotin-
conjugated anti-human CD20 (B1) mAb (Beckman-
Coulter, Hialeah, FL) used as a negative control and
streptavidin PE used as a developing reagent (South-
ern Biotechnology, Birmingham, AL). For two- or three-
color immunofluorescence analysis, single-cell lym-
phocyte suspensions (0.5 to 1 � 106) were stained at
4°C using predetermined optimal concentrations of
mAb for 20 minutes as described.46 Cells with the
forward and side light scatter properties of lympho-
cytes were analyzed on a FACScan flow cytometer (BD
Immunocytometry Systems, San Diego, CA).

Enzyme-Linked Immunosorbent Assays
(ELISAs)

Anti-nuclear antibodies were assessed using HEp-2
substrate cells (Medical and Biological Laboratories,
Nagoya, Japan) as described.11 Antibody and autoanti-
body levels were determined by ELISA as described.11,47

Topoisomerase I antibody levels were quantified using
Medical and Biological Laboratories ELISA kits. Serum
interferon (IFN)-� and IL-4 levels were quantified using
R&D Systems ELISA kits (Minneapolis, MN). Recombi-
nant peptide representing the proline-rich C-terminal re-
gion (amino acids 395 to 446) of fibrillin-1 was generated
as described9,38 and used as the substrate for fibrillin-1-
specific ELISAs as described.35

Skin Fibrosis and Tissue Pathology

Skin was taken from the para-midline, lower back region
as full thickness sections extending down to the body
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wall musculature. Tissues were fixed in 10% formalde-
hyde solution for 24 hours, embedded in paraffin, cut into
sections, stained with hematoxylin and eosin (H&E), and
independently examined by three investigators in a
blinded manner. Hypodermal thickness, defined by
depth of the subcutaneous loose connective tissue layer
(ie, the hypodermis or superficial fascia) beneath the
panniculus carnosus, was measured for multiple trans-
verse perpendicular sections using an ocular microme-
ter. Dermal thickness was defined as the thickness of skin
from the top of the granular layer to the junction between
the dermis and subcutaneous fat. Ten random measure-
ments were taken per tissue section. To quantify hy-
droxyproline (collagen) content, 6-mm punch biopsies
from shaved dorsal skin were treated with chloroform/
methanol (2:1, v/v) to remove fat, dried by centrifugation
under vacuum, weighed, acid-hydrolyzed for 24 hours at
110°C, dried, redissolved in 200 �l of water, and filtered
through Millipore filters. Samples (20-�l aliquots) were
diluted 10-fold and analyzed for composition in an amino
acid analyzer (Hewlett-Packard, Palo Alto, CA). Lungs
inflated after harvesting and hearts were fixed in 10%
formaldehyde solution, embedded in paraffin, and
stained with H&E.

Cytokine Expression

B-cell-enriched splenocyte preparations (�93% B220�)
were generated by depleting Thy1.2 mAb-coated cells
using magnetic beads (Dynal Biotech, Oslo, Norway).
Total RNA from full-thickness skin sections, splenocyte
suspensions, or B16 F10 mouse melanoma cells (Amer-
ican Type Culture Collection, Manassas, VA) was con-
verted into cDNA using a reverse transcription system
(Promega, Madison, WI). Transcript levels were quanti-
fied by real-time polymerase chain reaction (PCR) using
sequence-specific primers and probes designed by pre-
developed TaqMan assay reagents (one cycle of 50°C
for 2 minutes, 95°C for 10 minutes; 40 cycles of 92°C for
15 seconds, 60°C for 60 seconds) and an ABI Prism 7000
sequence detector (Applied Biosystems, Foster City,
CA). The relative expression of target transcripts and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
transcript PCR products was determined using the ��Ct
method48 using cytokine mRNA levels in wild-type mice
as calibrators in triplicate assays with the mean Ct used
for calculations.

Statistical Analysis

The Mann-Whitney U-test was used for verifying signifi-
cant differences between sample means and Bonferro-
ni’s test was used for multiple comparisons.

Results

B-Cell Depletion

Mature CD20� B cells are significantly reduced in wild-
type mice by day 2 after intravenous treatment with CD20

mAb (MB20-11, 250 �g/mouse).42,43 We therefore deter-
mined whether subcutaneous, intravenous, and intraperi-
toneal treatment depleted B cells to the same extent
throughout a range of mAb concentrations in 2-month-old
wild-type mice. Single mAb doses as low as 5 �g given
intravenously, intraperitoneally, or subcutaneously de-
pleted most mature bone marrow, blood, spleen, and
lymph node B cells after 7 days as determined by immu-
nofluorescence staining with flow cytometry analysis (Fig-
ure 1A; data not shown). Small numbers of CD19low

B220� B cells persisted within the blood, spleen, and
lymph nodes after CD20 mAb treatment (Figure 1B).
Such cells predominantly represented cells with a pre-B/
immature B-cell phenotype and were likely to be recent
emigrants from the bone marrow as described.43 How-
ever, subcutaneous, intravenous, or intraperitoneal CD20
mAb treatments did not significantly alter the frequency
or apparent composition of these residual B220� B-cell
populations. After CD20 mAb (5 �g) treatment, the phar-
macokinetics of CD20 mAb treatments varied slightly
during the first 15 to 60 minutes after mAb administration
depending on the route of administration, but mAb clear-
ance and B-cell reconstitution were similar between sub-
cutaneous and intravenous treatments, with increased
numbers of circulating and tissue B220� cells first ob-
served at 2 weeks (not shown; Figure 1C).

The effectiveness of subcutaneous CD20 mAb treat-
ment was examined using newborn mice, in which intra-
venous treatment is not possible. Skin sclerosis in Tsk/�

mice may start immediately after birth, but skin tightness
is recognizable by 7 days after birth and develops fully by
�2 months of age.14,49 When 3-day-old wild-type and
Tsk/� mice were treated with MB20-11 mAb (subcutane-
ously, 10 �g/mouse), mature CD19�B220� spleen B-cell
numbers were reduced by 85 to 90% 7 days later. Treat-
ing 8-week-old wild-type and Tsk/� littermates with
MB20-11 mAb (20 �g s.c.) reduced CD19� B220� B-cell
numbers by 94 to 98% in the bone marrow, blood,
spleen, and lymph nodes 7 days later, while circulating
and tissue T-cell numbers were unchanged. Isotype-con-
trol mAb treatments did not affect circulating or tissue
B-cell numbers. Therefore, B-cell depletion was effective
in Tsk/� littermates when CD20 mAb was given subcuta-
neously at low doses.

The effectiveness of long-term B-cell depletion in new-
born Tsk/� mice was assessed by MB20-11 mAb (10 or
20 �g) treatment on day 3 after birth, with repeated
treatment on days 17, 31, and 45. At 8 weeks of age, the
majority of circulating, spleen, and lymph node CD19�

B220� B cells were depleted to similar extents in both
Tsk/� and wild-type littermates (85 to 99%; Figure 1B and
Table 1), without affecting T-cell numbers or the relative
ratios of circulating or spleen CD4�/CD8� T cells (data
not shown). Small numbers of B220� B cells persisted in
Tsk/� and wild-type littermates even with 20-�g mAb
doses, 1 to 3% for blood and 5 to 6% for spleen and
lymph nodes (Table 1). The residual B cells present in
both Tsk/� and wild-type littermates predominantly rep-
resented B220� cells with a CD19low pre-B/immature
B-cell phenotype (Figure 1B) as described.43 Thus, B-
cell depletion was effective for the entire treatment pe-

956 Hasegawa et al
AJP September 2006, Vol. 169, No. 3



riod, with no indication of differences in CD20 mAb ef-
fectiveness between Tsk/� and wild-type littermates.
Furthermore, B-cell depletion had no obvious effects on
the normal development, maturation, or connective tis-

sues of juvenile mice because no morphological changes
or alterations in movement or development were de-
tected in mice as determined by observation and micro-
scopic examination of tissue sections.

Figure 1. Equivalent B-cell depletion after intravenous, subcutaneous, or intraperitoneal CD20 mAb treatments. A: Two-month-old wild-type mice (two to three
mice per dose) were given CD20 mAb at the dose indicated or were treated with an isotype-matched control (CTL, 250 �g) mAb. Seven days after mAb
administration, tissue B-cell (B220�) numbers were quantified after immunofluorescence staining with flow cytometry analysis. Bone marrow mature B-cell
(IgM�B220hi) numbers were from bilateral femurs. Blood B cells were B220� cells/ml. Lymph node B cells were from bilateral inguinal and axillary node pairs.
B: Equivalent B-cell depletion in Tsk/� and wild-type littermates after CD20 mAb treatment. Representative blood, spleen, and peripheral lymph node B-cell
frequencies after CD20 or isotype-matched control (CTL) mAb treatment as determined by immunofluorescence staining with flow cytometry analysis. Mice were
treated subcutaneously with mAb (20 �g) on day 3 after birth, with repeated treatment on days 17, 31, and 45. Numbers indicate the percentage of gated
B220�CD19� B cells present in 56-day-old mice. C: Duration of B-cell depletion in 2-month-old wild-type (closed circles and bars) and CD20�/� (open circles
and bars) littermates (five mice per group) given 5 �g of CD20 mAb intravenously on day 0. Tissue B-cell (B220�) numbers were quantified on the days indicated
as in A. Significant differences between sample means are indicated: *P � 0.05; **P � 0.01. D: Representative CD20 expression by blood B, T, and NK cells from
2-month-old wild-type and CD20-deficient (CD20�/�) mice (�3 mice). B220� B cells, CD4� T cells, CD8� T cells, and NK (NK1.1�CD3�) cells were assessed
by two- or three-color immunofluorescence staining using the MB20-18 anti-mouse CD20 mAb (thick line) with flow cytometry analysis. Data are shown as
representative dot plots (B220� cells) and histograms (B, T, and NK cells). Isotype-matched control mAb staining (dashed line) or results from leukocytes of
CD20�/� mice stained with MB20-18 mAb (thin line) are shown as negative controls.
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T and NK Cell Expression of Mouse CD20

Although mouse CD20 expression by B-cell subsets
has been examined extensively, its expression by other
leukocyte subsets has only been partially assessed.41

Moreover, small subpopulations of human T cells and
NK cells have been reported to express CD20 at low
levels as determined by immunofluorescence staining
with flow cytometry analysis.50 –53 Therefore, CD20 ex-
pression by mouse T cells and NK cells was assessed.
B220� cells represented the predominant, if not exclu-
sive, source of CD20 expression among blood leuko-
cytes from wild-type mice, whereas there was no mAb
reactivity with leukocytes from CD20-deficient mice
(Figure 1D). CD4� T cells, CD8� T cells, and NK1.1�

cells did not express CD20 at detectable levels in
wild-type mice. In fact, CD20 mAb staining was equiv-
alent for T and NK cells from wild-type and CD20-
deficient mice. Thus, CD20 expression appears to be
B-cell restricted, consistent with the selective depletion
of B cells after mAb treatment.

B-Cell Depletion Suppresses Skin Fibrosis in
Tsk /� Mice

The benefit of B-cell depletion in newborn Tsk/� mice was
assessed by MB20-11 or control mAb (10 or 20 �g)
treatment on day 3 after birth, with repeated treatments
on days 17, 31, and 45. Skin fibrosis in B-cell-depleted
Tsk/� mice was then assessed by histopathology of skin
sections from 56-day-old mice. In Tsk/� mice, hypoder-
mal thickness was increased eightfold because of hyper-
plasia of the subcutaneous loose connective tissue layer
(Figures 2 and 3A) as reported.35 Dermal thickness from
the top of the granular layer to the junction between the
dermis and subcutaneous fat was similar between control
mAb-treated Tsk/� (50 � 4 �m) and wild-type (52 � 5
�m) littermates. Subcutaneous fat and panniculus carno-
sus thickness was also similar between Tsk/� and wild-
type littermates. However, CD20 mAb treatment reduced
mean dermal and hypodermal thickness in Tsk/� mice by
31% (10 �g, P � 0.05) and 43% (20 �g, P � 0.01),
respectively, compared with control mAb treatment, al-
though these tissues were significantly thicker than those

of control mAb-treated wild-type littermates (P � 0.01,
Figure 3A). B-cell depletion in wild-type mice did not
affect dermal or hypodermal thickness.

Skin fibrosis was also assessed by quantifying the
hydroxyproline content of skin biopsies. Hydroxyproline
content was increased by 42% in 56-day-old Tsk/� mice
relative to wild-type littermates (P � 0.01, Figure 3A).
However, CD20 mAb treatment (20 �g) reduced hy-
droxyproline content by half in Tsk/� mice (P � 0.01),
although skin hydroxyproline content remained signifi-
cantly higher than in wild-type littermates (P � 0.05).
Hydroxyproline content was also significantly (P � 0.05)
reduced in Tsk/� mice treated with 10 �g of CD20 mAb.
Despite this, CD20 mAb treatment (10 or 20 �g) did not
significantly affect the onset or severity of pulmonary
emphysema in Tsk/� mice because their alveoli remained
three to four times larger than in control mice, as de-
scribed.32 Thus, early B-cell depletion suppressed skin
fibrosis in Tsk/� mice.

B-Cell Depletion Does Not Reverse Skin
Fibrosis in Tsk /� Mice

Whether untreated or treated with control mAb, Tsk/�

mice developed significant skin fibrosis and maximal
skin thickness by �56 days of age (Figures 2 and 3A;
data not shown). To identify time points in disease
progression when B-cell depletion could inhibit or re-
verse disease, 14-, 28-, and 56-day-old Tsk/� mice
were treated with CD20 mAb (20 �g) bi-weekly until
days 70, 84, or 112. Thickness and hydroxyproline
content of skin from Tsk/� mice was significantly re-
duced when they were treated with CD20 mAb from
day 14 until day 70 (Figure 3B, P � 0.05). However,
there was no significant difference in skin thickness for
mice treated during days 28 to 84 (Figure 3C). Thus,
B-cell depletion remained effective for reducing skin
fibrosis between days 14 and 28. To assess whether
B-cell depletion could reverse disease, 56-day-old
Tsk/� mice were treated with CD20 mAb on days 56,
70, 84, and 98. By day 112, B-cell depletion was
equally effective in wild-type and Tsk/� littermates, with
small numbers of CD19low B220� B cells persisting in

Table 1. Tissue B-Cell Depletion after CD20 mAb Treatment

CD19�B220� B cell numbers (�10�6)*

Mouse genotype mAb, dose 56-Day-old mice† (% depletion)

Blood Spleen

Wild type CTL, 20 �g 3.9 � 0.3 42.5 � 4.1
Wild type CD20, 10 �g 0.39 � 0.02 (90%) 5.4 � 0.4 (87%)
Wild type CD20, 20 �g 0.1 � 0.03 (97%) 2.5 � 0.3 (94%)
Tsk/� CTL, 20 �g 4.1 � 0.4 44.1 � 3.7
Tsk/� CD20, 10 �g 0.45 � 0.03 (89%) 6.5 � 0.3 (85%)
Tsk/� CD20, 20 �g 0.04 � 0.01 (99%) 2.4 � 0.2 (95%)

*Values (�SEM) indicate cell numbers present in tissues of �5 mice for each group: blood shown as cells/ml, and lymph node as pooled bilateral
inguinal and axial lymph nodes.

†Control (CTL) or CD20 mAb given subcutaneously on days 3, 17, 31, and 45, with tissues harvested on day 56.
‡Control (CTL) or CD20 mAb given subcutaneously on days 56, 70, 84, and 98, with tissues harvested on day 112.

(table continues)

958 Hasegawa et al
AJP September 2006, Vol. 169, No. 3



Tsk/� and wild-type littermates, 2% for blood, 3 to 4%
for spleen, and 5 to 6% for lymph nodes (Table 1).
Because the extent of B-cell depletion was similar, if

not identical, between Tsk/� and wild-type littermates
(Table 1) there was no indication of differences in
CD20 mAb effectiveness between mice with and with-

Figure 2. Fibrosis of dorsal skin from 56-day-old Tsk/� and wild-type littermates treated with CD20 or isotype-matched control (CTL) mAb. Mice were given mAb
(20 �g) subcutaneously on day 3 after birth, with repeated treatment on days 17, 31, and 45. Representative H&E-stained histological sections. Dermis is indicated
by (d), with the loose connective tissue layer (ie, the hypodermis or superficial fascia) beneath the panniculus carnosus (arrow) indicated by (h). Results
represent those obtained with �5 mice of each group. Original magnifications, �40.

Table 1. Continued

CD19�B220� B cell numbers (�10�6)*

112-Day-old mice‡ (% depletion)

Lymph node Blood Spleen Lymph node

1.1 � 0.1 4.4 � 0.6 42.6 � 3.9 1.2 � 0.2
1.0.15 � 0.01 (86%) ND ND ND

0.07 � 0.01 (94%) 0.10 � 0.03 (98%) 1.5 � 0.2 (96%) 0.07 � 0.01 (94%)
1.3 � 0.2 4.8 � 4.0 49.2 � 4.1 1.3 � 0.2

1.0.19 � 0.02 (85%) ND ND ND
0.07 � 0.01 (95%) 0.10 � 0.02 (98%) 1.7 � 0.1 (97%) 0.06 � 0.01 (95%)
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out disease. CD20 mAb treatment did not affect T-cell
numbers (data not shown). Regardless, CD20 mAb
treatment did not significantly affect fibrosis or the
hydroxyproline content of skin biopsies from 112-day-
old Tsk/� mice (Figure 3D). Likewise, B-cell depletion
did not significantly affect emphysema severity in Tsk/�

mice (not shown). Myocardial hypertrophy in �4-
month-old Tsk/� and wild-type mice was indistinguish-
able from that of mice with comparable heart weights
(129 � 15 mg versus 118 � 14 mg, respectively; n �
5). CD20 mAb treatment did not affect heart size or
total weight in wild-type or Tsk/� mice (119 � 12 mg
versus 125 � 13 mg, respectively; n � 5). Thus, B-cell
depletion can suppress the development of skin scle-
rosis early after disease development but does not
alter established sclerosis or emphysema in Tsk/�

mice.

B-Cell Depletion Inhibits Autoantibody
Generation in Tsk /� Mice

Although a pathogenic role for autoantibodies in SSc
development remains uncertain,10 autoantibody and
serum immunoglobulin levels were assessed in Tsk/�

mice as markers for effective B-cell depletion and hy-
peractivity. B-cell depletion starting on day 3 signifi-
cantly inhibited both IgM and IgG anti-fibrillin 1 auto-
antibody production in 56-day-old mice treated with 20
�g of CD20 mAb (Figure 4A). However, IgM or IgG
anti-fibrillin 1 autoantibody levels were not significantly
altered when B-cell depletion was initiated in 56-day-
old mice (Figure 4B). Serum anti-nuclear antibody gen-
eration was also assessed in 56-day-old Tsk/� and
wild-type littermates treated repeatedly with CD20
mAb since day 3 after birth. Anti-nuclear antibodies
with a homogenous chromosomal staining pattern were
detected in 33% (5 of 15) of Tsk/� mice treated with
control mAb. However, anti-nuclear antibodies were
rarely detected in B-cell-depleted Tsk/� mice (20 �g of
CD20 mAb, 1 of 15; 10 �g, 1 of 15), or wild-type mice
treated with CD20 (20 �g, 0 of 15) or control (20 �g, 1
of 15) mAb. Similarly, 56-day-old Tsk/� mice treated
with control mAb produced significantly higher levels
of rheumatoid factor and topoisomerase I- or single-
stranded DNA-specific autoantibodies when com-
pared with control mAb-treated wild-type littermates
(P � 0.05, Figure 4C). However, rheumatoid factor and
autoantibody levels were decreased significantly in
B-cell-depleted Tsk/� mice (10 or 20 �g of CD20 mAb)
relative to control mAb-treated Tsk/� littermates when
assessed by ELISA (Figure 4C) or immunoprecipitation
assays (data not shown). By contrast, initiating B-cell
depletion in 56-day-old Tsk/� mice did not significantly
affect rheumatoid factor or anti-topoisomerase I and
anti-DNA autoantibody levels by day 112 (Figure 4D).
Thus, B-cell depletion dramatically inhibited autoanti-
body production in Tsk/� mice when started early, but
not after disease development.

B-cell depletion significantly reduced serum anti-
body levels in both Tsk/� and wild-type littermates
when first given 3 days after birth (Figure 4E). Tsk/�

mice treated with control mAb had significantly ele-
vated IgM, IgG1, IgG2a, and IgG2b levels compared
with wild-type littermates (P � 0.05). However, Tsk/�

mice treated with CD20 mAb (10 or 20 �g) had signif-
icantly decreased IgM, IgG1, IgG2a, IgG2b, and IgG3
levels compared with control mAb-treated Tsk/� litter-
mates. In fact, IgG2a (P � 0.05), IgG2b (P � 0.01), and
IgG3 (P � 0.001) levels in CD20 mAb-treated Tsk/�

mice were lower than those in control mAb-treated
wild-type littermates. By contrast, B-cell depletion did
not affect serum antibody levels in Tsk/� or wild-type
mice when CD20 mAb treatment was started 56
days after birth (Figure 4F). Thus, B-cell depletion in-
hibited the development of hypergammaglobulinemia
in young Tsk/� mice but did not reverse established
hypergammaglobulinemia.

Figure 3. Fibrosis of dorsal skin from Tsk/� and wild-type littermates treated
with CD20 or isotype-matched control (CTL) mAb. A: Dermal and hypoder-
mal thickness and hydroxyproline content of 6-mm skin punch biopsies from
mice given mAb subcutaneously on day 3 after birth, with repeated treatment
on days 17, 31, and 45 with tissues harvested on day 56 as described in Figure
2. B: Littermates were given mAb subcutaneously on days 14, 28, 42, and 56
after birth, with 6-mm skin punch biopsies harvested on day 70. C: Litter-
mates were given mAb subcutaneously on days 28, 42, 56, and 70 after birth,
with 6-mm skin punch biopsies harvested on day 84. D: Littermates were
given mAb subcutaneously on days 56, 70, 84, and 98 after birth, with tissues
harvested on day 112. All values represent results from individual mice with
horizontal bars representing means. Significant differences between sample
means are indicated: *P � 0.05; **P � 0.01.
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Skin B-Cell Depletion in Tsk /� Mice

B-cell-associated transcripts are up-regulated in le-
sional skin from SSc patients.6 It was therefore as-
sessed whether CD20 mAb-mediated skin B-cell de-
pletion might influence skin fibrosis in young Tsk/�

mice. Tsk/� and wild-type littermates were treated with
CD20 or control mAb (20 �g) at 3 and 17 days, with
B-cell-associated transcripts quantified in skin from
3-week-old mice, a time in which blood and spleen
CD19� B220� B cells were depleted by 	 93%. Tran-

scripts for CD19, CD20, and light chains was com-
pared with CD138 (syndecan-1) and T-cell CD3 tran-
script levels. CD138 is expressed by plasma cells,
epithelial cells, vascular smooth muscle cells, endothe-
lium, and neural cells. However, B- and T-cell tran-
scripts were not detectable in the skin of Tsk/� and
wild-type littermates by real-time PCR analysis com-
pared with water-only control reactions or RNA from
melanoma cells (Table 2, not shown). By contrast,
CD138 transcripts were readily detected in the skin,

Figure 4. B-cell depletion inhibits autoantibody production and hypergammaglobulinemia in Tsk/� mice. Mice were treated with CD20 mAb (20 �g) bi-weekly
(A, C, E) since day 3 after birth (days 3, 17, 31, and 45) and serum was harvested on day 56, or (B, D, F) since day 56 after birth (days 56, 70, 84, and 98) with
serum harvested on day 112. Relative serum antibody, fibrillin-, topoisomerase I-, and single-stranded DNA-specific antibody and rheumatoid factor levels were
determined by ELISA, with assay background results (�2 SDs) indicated by a horizontal dashed line. Horizontal bars represent mean autoantibody and antibody
levels for each group. Significant differences between sample means are indicated: *P � 0.05; **P � 0.01.
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while spleens and B-cell-enriched splenocytes ex-
pressed high levels of CD19, CD20, �, �, and CD3
transcripts. Thus, B cells or plasma cells were not
found in the skin of young Tsk/� mice, even in the
absence of CD20 mAb treatment.

B-Cell Depletion Modulates Cytokine Expression

Whether B-cell depletion within lymphoid tissues influ-
enced proinflammatory cytokines critical for the develop-
ment of skin sclerosis in Tsk/� mice27,30,34 was assessed
by real-time PCR analysis. Tsk/� and wild-type littermates
were treated with either CD20 or control mAb (20 �g) at
3 and 17 days with mRNA expression quantified in skin
from 3-week-old mice. In the skin, TGF-� mRNA levels
were elevated in Tsk/� mice (183 � 15%) relative to
wild-type littermates (100 � 10, P � 0.01, n � 5; Figure
5A). However, B-cell depletion significantly reduced
TGF-� transcript levels in Tsk/� mice (P � 0.05) to 134 �
13% of wild-type littermate levels, but did not reduce
TGF-� levels in wild-type mice (92 � 9%). IL-4, IL-6, and
IL-10 mRNA levels were increased by 70, 84, and 56%,
respectively, in control mAb-treated Tsk/� mice com-
pared with wild-type littermates (P � 0.01, Figure 5A). By
contrast, TNF-� (44%), IL-2 (31%), and IFN-� (29%)
mRNA levels were significantly decreased in Tsk/� mice

compared with wild-type littermates (P � 0.01). However,
B-cell depletion significantly reduced IL-4, IL-6, and IL-10
mRNA levels in Tsk/� (P � 0.01) and wild-type (P � 0.01)
littermates. B-cell depletion also significantly increased
TNF-�, IL-2, and IFN-� mRNA levels in Tsk/� (P � 0.05),
but not wild-type littermates. Thus, B-cell depletion sig-
nificantly altered skin cytokine profiles in young Tsk/�

mice.
Spleen IL-4, IL-2, and IFN-� mRNA levels were de-

creased by 48, 66, and 45%, respectively, in control
mAb-treated Tsk/� mice compared with wild-type litter-
mates (P � 0.01, Figure 5B). By contrast, IL-6 (76%),
IL-10 (68%), and TNF-� (29%) mRNA levels were sig-
nificantly increased in Tsk/� mice (P � 0.05), com-
pared with wild-type littermates. CD20 mAb-induced
B-cell depletion significantly increased IL-4 (84%), IL-2
(59%), and IFN-� (79%) mRNA levels in Tsk/� mice
(P � 0.05) but also resulted in increased IL-4, IL-6,
IL-10, TNF-�, IL-2, and IFN-� mRNA levels in wild-type
(P � 0.05) littermates. By contrast, TGF-� mRNA ex-
pression was not significantly elevated in Tsk mice
(126 � 12%) relative to wild-type littermates (100 � 15,
n � 5). Furthermore, B-cell depletion did not signifi-
cantly affect TGF-� transcript levels in either wild-type
or Tsk/� littermates. Although increased cytokine tran-
script levels in Tsk/� and wild-type littermates may

Figure 5. B-cell depletion alters cytokine production in the skin and spleens of Tsk/� mice. Cytokine mRNA levels in the dorsal skin (A) or among spleen
lymphocytes (B) of 21-day-old Tsk/� or wild-type littermates after CD20 or control mAb treatment (20 �g) on days 3 and 17 of age. Transcript levels were
quantified by real-time reverse transcriptase-PCR analysis and were normalized relative to endogenous GAPDH levels. Values represent mean percentages
(�SEM) relative to transcript levels of wild-type littermates treated with CTL mAb (100%, broken horizontal lines), with �10 mice (A) or four mice (B) in each
group. Values significantly different from controls are indicated: *P � 0.05; **P � 0.01.

Table 2. Absence of B- and T-Cell Transcripts in the Skin of Tsk/� Mice

Sample mAb Relative mRNA expression

CD3 CD19 CD20 � � CD138

WT skin CTL 4 � 1 �1 4 � 1 21 � 3 2 � 1 164 � 9
WT skin CD20 5 � 1 �1 4 � 1 20 � 4 1 � 1 164 � 20
Tsk/� skin CTL 5 � 1 �1 3 � 1 22 � 2 2 � 1 135 � 14
Tsk/� skin CD20 4 � 1 �1 2 � 1 13 � 5 2 � 1 162 � 14
WT B cells* None 25 � 5 10,789 � 355 80,903 � 776 86,588 � 585 5898 � 63 4 � 1
WT splenocytes None 552 � 22 3237 � 87 27,623 � 581 20,936 � 342 2555 � 50 2 � 1

Values (�SEM) indicate relative mRNA expression levels as determined by real-time PCR in the dorsal skin and spleens of 21-day-old Tsk/� or
wild-type (WT) littermates (six mice per group) after CD20 or control (CTL) mAb treatment (20 �g) on days 3 and 17 of age.

*Splenocytes from wild-type mice were enriched for B cells by depleting Thy1.2� T cells.
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result from the increased ratio of T cells to B cells,
these results document that B-cell depletion nonethe-
less significantly altered the cytokine profiles in
spleens of young Tsk/� mice. To determine whether
B-cell depletion altered the systemic balance of Th1/
Th2 cytokines, serum levels of IFN-� (representative
Th1 cytokine) and IL-4 (representative Th2 cytokine)
were measured. However, neither cytokine was detect-
able (n � 10 mice for each group), consistent with
earlier findings of others that it is not possible to detect
IL-4 in Tsk/� mouse serum.34 Thus, B-cell depletion
differentially affected skin and spleen cytokine levels,
which may have therapeutic benefits.

Discussion

The current study verifies that B cells play an important
contributory role during cutaneous fibrosis in Tsk/� mice.
B-cell depletion by CD20 mAb treatment not only inhib-
ited the development of autoimmunity in Tsk/� mice, but
inhibited skin fibrosis by 31 to 43% when initiated early in
the course of disease development (Figures 2 and 3).
B-cell depletion also rebalanced skin cytokine transcript
levels in Tsk/� littermates with progressing sclerosis and
significantly altered spleen cytokine transcript levels (Fig-
ure 5). Although the extent of B-cell depletion was similar
in newborn and adult Tsk/� mice (Table 1), sclerosis,
autoantibody levels, and hypergammaglobulinemia in
mice with established disease was not altered by CD20
mAb-mediated B-cell depletion (Figures 2 and 4). Thus,
B cells significantly influenced cutaneous fibrosis during
disease development but were not necessary for the
maintenance of disease in Tsk/� mice.

Demonstrating that B-cell depletion reduces skin fibro-
sis in Tsk/� mice provides a basis for identifying the
mechanisms through which B cells may influence auto-
immune disease. B cells can produce autoantibodies,
influence cytokine expression and promote Th2 cell de-
velopment, function as antigen-presenting cells, and
contribute to local inflammation. Although theoretical and
not observed in the current studies, B-cell depletion in
young wild-type and Tsk/� mice might also affect skin
development, which is not yet complete at 3 days after
birth. Early B-cell depletion in Tsk/� mice also prevented
autoantibody production and hypergammaglobulinemia,
whereas B-cell depletion in adult Tsk/� mice with disease
did not reduce autoantibody levels or hypergamma-
globulinemia (Figure 4). Preventing the generation of au-
toreactive B cells and the production of anti-fibrillin-1
antibodies plus other autoantibodies may be important
because correlations exist between the concentration of
serum anti-topoisomerase I autoantibodies and histolog-
ical and biochemical alterations in the skin of Tsk/�

mice.39 Autoantibodies to fibrillin-1 also activate cultured
human fibroblasts to recapitulate the fibrotic SSc pheno-
type in vitro.10 Although autoantibodies correlate with B-
cell hyperactivity and disease in Tsk/� mice, further stud-
ies are needed to determine whether autoantibodies
contribute directly to disease in vivo.

The influence of B-cell depletion on skin and spleen
cytokine levels provides the most likely mechanistic
explanation for B-cell depletion affecting skin fibrosis.
B-cell depletion reduced skin TGF-� transcript levels
and also reduced IL-4, IL-6, and IL-10 mRNA expres-
sion in young Tsk/� mice, while significantly increasing
TNF-�, IL-2, and IFN-� production (Figure 5A). This
may explain reduced skin fibrosis because Th2 cyto-
kines such as IL-4 and IL-6 stimulate the synthesis of
extracellular matrix proteins in dermal fibroblasts,54,55

whereas Th1 cytokines such as IFN-� and TNF-� sup-
press fibroblast collagen production in vitro.56 A rela-
tive shift to Th2 rather than Th1 cytokines can also
induce tissue fibrosis.56 Likewise, blocking IL-4 func-
tion inhibits skin fibrosis in newborn Tsk/� mice,27,34

whereas IL-12 production can prevent sclerosis and
autoimmunity in Tsk/� mice.30 Normalized cytokine ex-
pression after CD20 mAb treatment did not appear to
result from the depletion of skin B cells, because it was
difficult to detect an increase in either B or T cells in the
skin of Tsk/� mice by immunohistochemistry (not
shown) or by real-time PCR amplification of B- and
T-cell transcripts (Table 2). Thus, it is likely that B-cell
depletion inhibited skin fibrosis by altering cytokine
production by T cells circulating through the skin or
indirectly affecting serum cytokines. For example,
IL-10 produced by activated B cells inhibits IL-12 pro-
duction by dendritic cells, which promotes Th2 T-cell
differentiation.57 In support of this, CD20 mAb treat-
ment significantly altered cytokine transcript levels
within the spleens of treated mice (Figure 5B), and may
thereby alter the central and peripheral balance of
Th1/Th2 cells. Consistent with this, numerous studies
have documented a role for IL-4 produced postnatally
in skin hyperplasia and indicated that CD4� T cells of
the Th2 phenotype influence the skin manifestations of
the scleroderma-like syndrome in Tsk/�mice.28 More-
over, normalizing tissue IL-4 levels may reduce tissue
fibrosis induced by TGF-�, because IL-4 induces
TGF-� gene expression and IL-4 and TGF-� interact in
regulating collagen gene expression in vitro.32,33 At
least two mechanisms for B-cell depletion affecting
T-cell cytokine production are possible. First, B-cell
depletion may affect T cell-B cell interactions that
would normally promote Th2 cell generation and/or
cytokine production. Alternatively, the initial depletion
of most peripheral B cells followed by the continued
removal of maturing B cells as they emerge from the
bone marrow may induce activation of monocytes/
macrophages within CD20 mAb-treated mice and
thereby alter their maturation, regulatory functions,
and/or cytokine production. Thus, B-cell depletion in
Tsk/� mice may have pleiotrophic effects on the lym-
phocyte networks that influence T cell function and
cytokine production within lymphoid tissues and influ-
ence skin-infiltrating inflammatory cells.

The current results are consistent with studies showing
that B cells do not cause skin fibrosis in Tsk/� mice18,49,58

but do contribute to disease pathogenesis.22,26 Although
some studies have concluded that B cells play no role in
skin sclerosis, this interpretation could have resulted from
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several factors, including small sample sizes,18,58 mixed
genetic backgrounds of mice,18,49,58 and reliance on
stretchable skin length58 or dermal thickness18 as dis-
ease parameters. Dermal thickness was similar in Tsk/�

and wild-type littermates in the current (Figure 2) and
previous studies,14,23,24,49 while hypodermal thickness,
including a subcutaneous connective tissue layer, is in-
creased eightfold in Tsk/� C57BL/6 mice (Figure 2A), as
reported.24 Hypodermal thickness in Tsk/� BALB/c mice
is only two- or threefold increased, potentially complicat-
ing some studies.49 Baxter and colleagues59 have re-
cently confirmed that dermal thickness and dermal col-
lagen content of Tsk/� and wild-type mouse skin are
comparable. Based on this, Baxter and colleagues59

concluded that Tsk/� mice are not useful for studying
anti-fibrotic therapeutics, despite their greater skin-fold
thickness. However, the current study and a number of
previous studies have already demonstrated normal der-
mal thickness in Tsk/� mice, but increased hypodermal
thickness,14,23,24,39,49 increased collagen produc-
tion,25,32,39,60 and augmented TGF-� mRNA expres-
sion22 in the skin. That the sites of fibrosis are different
between human SSc (dermis) and Tsk/� mice (hypoder-
mis) may represent species-specific differences in skin
architecture. Thus, although results from Tsk/� mice can-
not be simply translated into human therapies, the skin
sclerosis and autoimmunity of Tsk mice make this a very
useful animal model for skin fibrosis and scleroderma.
Because the current model system is not complicated by
genetic background differences and does not require
adoptive lymphocyte transfers, this strategy suggests the
utility of B-cell-targeted therapies in SSc patients with
early disease and provides a pathway for mechanistic
studies of SSc pathogenesis.

This study indicates that B-cell-directed therapies may
benefit SSc patients when given during early stages of
disease because skin fibrosis was diminished in Tsk/�

mice after B-cell depletion between days 3 and 14, and
before 28 days after birth (Figure 3, A and B). Likewise,
anti-IL-4 mAb treatments reduce Tsk/� mouse skin thick-
ening when initiated during the first week after birth.34

Halofuginone, an inhibitor of type-1 collagen synthesis
and skin sclerosis, is effective in newborn and 4-week-old
Tsk/� mice.61 Similarly, the development of pulmonary
emphysema in Tsk/� mice was not affected by B-cell
depletion or by other immunomodulatory treat-
ments.23,27,32,34 Thus, B cells and other components of
the immune system contribute to early disease initiation
or progression while established skin sclerosis and pul-
monary emphysema are likely to involve additional fac-
tors. Because T cells, mast cells, and other immune cells
also contribute to skin fibrosis in Tsk/�mice, it remains
possible that inhibiting T-cell and mast cell function in
addition to B-cell depletion may have additive effects.
Small subpopulations of human blood and bone marrow
CD4� and CD8� T cells, and NK cells have been re-
ported to express CD20 at low levels as determined by
immunofluorescence staining with flow cytometry analy-
sis.50–53 Although human T and NK cells have never
been shown to produce CD20 transcripts or the CD20
protein directly, these findings have lead to the sugges-

tion that depletion of these cells contributes to the ther-
apeutic benefit of CD20 mAb treatment in humans.53 In
mice, circulating CD4� and CD8� T cells, or NK cells did
not express detectable CD20 cell surface protein (Figure
1D). Similarly, mouse bone marrow, blood, spleen, or
lymph node leukocytes do not express detectable CD20
as determined by immunofluorescence staining of T
cells, NK cells, dendritic cells, or monocytes/macro-
phages (K. Yanaba, J.-D. Bouaziz, and T.F. Tedder,
manuscript in preparation). These results in mice are in
agreement with the vast majority of studies assessing
CD20 expression by human leukocytes, where CD20
expression has been found to be B-cell-restricted.62

Thus, it remains likely that B-cell depletion may have
secondary effects on T cells that influence skin sclerosis.

Although the positive results of this study may not
translate to currently available CD20 mAb therapies in
humans, the finding that intravenous, subcutaneous, and
intraperitoneal CD20 mAb treatments depleted tissue B
cells equally in mice (Figure 1) suggest that low CD20
mAb doses may effectively treat some autoimmune dis-
eases. The 10-�g doses of CD20 mAb (�1.5 mg/m2)
given to 2-month-old mice (Figure 1) were 250-fold lower
than the 375-mg/m2 doses of rituximab normally given to
oncology patients four times during the course of a
month. Moreover, SSc patients may benefit from re-
peated low-dose subcutaneous CD20 mAb treatments
given during early disease onset compared with intermit-
tent high-dose mAb infusions. Consistent with this, B-cell
depletion was beneficial after early disease onset in Tsk
mice (Figure 3B). A failure of CD20 mAb treatment to
reduce disease or autoantibody levels in adult Tsk/� mice
also mimics findings in numerous human autoimmune
diseases after CD20 mAb treatment,40 presumably be-
cause of the presence of long-lived CD20-negative
plasma cells or incomplete B-cell depletion. It is likely that
early B-cell depletion in Tsk/� mice prevented hypergam-
maglobulinemia and diminished autoantibody production
by eliminating mature B cells before plasma cell differ-
entiation. Alternatively, autoreactive B cells generated
later during the course of disease progression may per-
sist after CD20 mAb treatment. Nonetheless, although
autoantibodies correlate with B-cell hyperactivity and dis-
ease in Tsk/� mice, further studies are needed to deter-
mine whether autoantibodies contribute to disease and to
identify the role for B cells in directing T-cell function in
vivo. Because no therapy has been proven effective in
suppressing or improving skin sclerosis in controlled
studies of SSc patients or in Tsk/� mice with disease
manifestations, and CD20 mAb treatment has few side
effects,40 therapies that effectively eliminate B cells or
simply reduce B-cell hyperactivity during early disease
onset may treat SSc or contribute to the therapeutic ben-
efit of treatments yet to be identified.

Acknowledgments

We thank Ms. M. Matsubara and Y. Yamada for technical
assistance; and Drs. E. William St. Clair, Norihito Yazawa,
and Geoffrey Barker for helpful discussions.

964 Hasegawa et al
AJP September 2006, Vol. 169, No. 3



References

1. LeRoy EC, Black C, Fleischmajer R, Jablonska S, Krieg T, Medsger Jr
TA, Rowell N, Wollheim F: Scleroderma (systemic sclerosis): classifi-
cation, subsets, and pathogenesis. J Rheumatol 1988, 15:202–205

2. Abraham JD, Varga J: Scleroderma: from cell and molecular mech-
anisms to disease models. Trends Immunol 2005, 26:587–595

3. Fleischmajer R, Perlish JS, Reeves JRT: Cellular infiltrates in sclero-
derma skin. Arthritis Rheum 1977, 20:975–984

4. Famularo G, Giacomelli R, Alesse E, Cifone MG, Morrone S, Boirivant
M, Danese C, Perego MA, Santoni A, Tonietti G: Polyclonal B lym-
phocyte activation in progressive systemic sclerosis. J Clin Lab Im-
munol 1989, 29:59–63

5. Sato S, Fujimoto M, Hasegawa M, Takehara K: Altered blood B
lymphocyte homeostasis in systemic sclerosis. Expanded naive B
cells and diminished but activated memory B cells. Arthritis Rheum
2004, 50:1918–1927

6. Whitfield ML, Finlay DR, Murray JI, Troyanskaya OG, Chi JT, Perga-
menschikov A, McCalmont TH, Brown PO, Botstein D, Connolly MK:
Systemic and cell type-specific gene expression patterns in sclero-
derma skin. Proc Natl Acad Sci USA 2003, 100:12319–12324

7. Steen VD, Powell DL, Medsger Jr TA: Clinical correlations and prog-
nosis based on serum autoantibodies in patients with systemic scle-
rosis. Arthritis Rheum 1988, 31:196–203

8. Kuwana M, Kaburaki J, Mimori T, Tojo T, Homma M: Antoantibody
reactive with three classes of RNA polymerases in sera from patients
with systemic sclerosis. J Clin Invest 1993, 91:1399–1404

9. Tan FK, Arnett FC, Antohi S, Saito S, Mirarchi A, Spiera H, Sasaki T,
Shoichi O, Takeuchi K, Pandey JP, Silver RM, LeRoy C, Postlethwaite
AE, Bona CA: Autoantibodies to the extracellular matrix microfibrillar
protein, fibrillin-1, in patients with scleroderma and other connective
tissue diseases. J Immunol 1999, 163:1066–1072

10. Zhou X, Tan FK, Milewicz DM, Guo X, Bona CA, Arnett FC: Autoan-
tibodies to fibrillin-1 activate normal human fibroblasts in culture
through the TGF-pathway to recapitulate the “scleroderma pheno-
type.” J Immunol 2005, 175:4555–4560

11. Sato S, Hasegawa M, Fujimoto M, Tedder TF, Takehara K: Quantita-
tive genetic variation in CD19 expression correlates with autoimmu-
nity in mice and humans. J Immunol 2000, 165:6635–6643

12. Tsuchiya N, Kuroki K, Fujimoto M, Murakami Y, Tedder TF, Tokunaga
K, Takehara K, Sato S: Association of a functional CD19 polymor-
phism with susceptibility to systemic sclerosis (scleroderma). Arthritis
Rheum 2004, 50:4002–4007

13. Tedder TF, Poe JC, Fujimoto M, Haas KM, Sato S: The CD19-CD21
signal transduction complex of B lymphocytes regulates the balance
between health and autoimmune disease: systemic sclerosis as a
model system. Curr Dir Autoimmunity 2005, 8:55–90

14. Green MC, Sweet HO, Bunker LE: Tight-skin, a new mutation of the
mouse causing excessive growth of connective tissue and skeleton.
Am J Pathol 1976, 82:493–512

15. Jimenez SA, Williams CJ, Myers JC, Bashey RI: Increased collagen
biosynthesis and increased expression of type I and type III procol-
lagen genes in tight skin (TSK) mouse fibroblasts. J Biol Chem 1986,
261:657–662

16. Osborn TG, Bauer NE, Ross SC, Moore TL, Zucker J: The tight-skin
mouse: physical and biochemical properties of the skin. J Rheumatol
1983, 10:793–796

17. Siracusa LD, McGrath R, Ma Q, Moskow JJ, Manne J, Christner PJ,
Buchberg AM, Jimenez SA: A tandem duplication within the fibrillin 1
gene is associated with the mouse tight skin mutation. Genome Res
1996, 6:300–313

18. Kasturi KN, Hatakeyama A, Murai C, Gordon R, Phelps RG, Bona CA:
B-cell deficiency does not abrogate development of cutaneous hy-
perplasia in mice inheriting the defective fibrillin-1 gene. J Autoimmun
1997, 10:505–517

19. Phelps RG, Murai C, Saito S, Hatakeyama A, Andrikopoulos K, Kasturi
KN, Bona CA: Effect of targeted mutation in collagen V�2 gene on
development of cutaneous hyperplasia in tight skin mice. Mol Med
1998, 4:356–360

20. Gayraud B, Keene DR, Sakai LY, Ramirez F: New insights into the
assembly of extracellular microfibrils from the analysis of the fibrillin 1
mutation in the tight skin mouse. J Cell Biol 2000, 150:667–680

21. Lemaire R, Korn JH, Schiemann WP, Lafyatis R: Fibulin-2 and fibulin-5

alterations in tsk mice associated with disorganized hypodermal elas-
tic fibers and skin tethering. J Invest Dermatol 2004, 123:1063–1069

22. Phelps RG, Daian C, Shibata S, Fleischmajer R, Bona CA: Induction
of skin fibrosis and autoantibodies by infusion of immunocompetent
cells from tight skin mice into C57BL/6 Pa/Pa mice. J Autoimmun
1993, 6:701–718

23. Wallace VA, Kondo S, Kono T, Xing Z, Timms E, Furlonger C, Key-
stone E, Gauldie J, Sauder DN, Mak TW, Paige CJ: A role for CD4�

T cells in the pathogenesis of skin fibrosis in tight skin mice. Eur
J Immunol 1994, 24:1463–1466

24. Everett ET, Pablos JL, Harley RA, LeRoy EC, Norris JS: The role of
mast cells in the development of skin fibrosis in tight-skin mutant
mice. Comp Biochem Physiol 1995, 110A:159–165

25. Bocchieri MH, Christner PJ, Henriksen PD, Jimenez SA: Immunolog-
ical characterization of (tight skin/NZB)F1 hybrid mice with connec-
tive tissue and autoimmune features resembling human systemic
sclerosis. J Autoimmun 1993, 6:337–351

26. Walker MA, Harley RA, DeLustro FA, LeRoy EC: Adoptive transfer of
Tsk skin fibrosis to �/� recipients by Tsk bone marrow and spleen
cells. Proc Soc Exp Biol Med 1989, 192:196–200

27. Ong CJ, Ip S, Teh S-J, Wong C, Jirik FR, Grusby MJ, Teh HS: A role
for T helper 2 cells in mediating skin fibrosis in tight-skin mice. Cell
Immunol 1999, 196:60–68

28. McGaha TL, Bona CA: Role of profibrogenic cytokines secreted by T
cells in fibrotic processes in scleroderma. Autoimmunity Rev 2002,
1:174–181

29. Shen Y, Ichino M, Nakazawa M, Minami M: CpG oligodeoxynucleo-
tides prevent the development of scleroderma-like syndrome in tight-
skin mice by stimulating a Th1 immune response. J Invest Dermatol
2005, 124:1141–1148

30. Tsuji-Yamada J, Nakazawa M, Takahashi K, Iijima K, Hattori S, Okuda
K, Minami M, Ikezawa Z, Sasaki T: Effect of IL-12 encoding plasmid
administration on tight-skin mouse. Biochem Biophys Res Commun
2001, 280:707–712

31. McGaha TL, Le M, Kodera T, Stoica C, Zhu J, Paul WE, Bona CA:
Molecular mechanisms of interleukin-4-induced up-regulation of type
I collagen gene expression in murine fibroblasts. Arthritis Rheum
2003, 48:2275–2284

32. McGaha T, Saito S, Phelps RG, Gordon R, Noben-Trauth N, Paul WE,
Bona C: Lack of skin fibrosis in tight skin (TSK) mice with targeted
mutation in the interleukin-4R� and transforming growth factor-�
genes. J Invest Dermatol 2001, 116:136–143

33. Kodera T, McGaha TL, Phelps R, Paul WE, Bona CA: Disrupting the
IL-4 gene rescues mice homozygous for the tight-skin mutation from
embryonic death and diminishes TGF-� production by fibroblasts.
Proc Natl Acad Sci USA 2002, 99:3800–3805

34. Ong C, Wong C, Roberts CR, Teh HS, Jirik FR: Anti-IL-4 treatment
prevents dermal collagen deposition in the tight-skin mouse model of
scleroderma. Eur J Immunol 1998, 28:2619–2629

35. Saito E, Fujimoto M, Hasegawa M, Komura K, Hamaguchi Y, Kabu-
ragi Y, Nagaoka T, Takehara K, Tedder TF, Sato S: CD19-dependent
B lymphocyte signaling thresholds influence skin fibrosis and auto-
immunity in the tight-skin mouse. J Clin Invest 2002, 109:1453–1462

36. Asano N, Fujimoto M, Yazawa N, Shirasawa S, Hasegawa M, Okochi
H, Tamaki K, Tedder TF, Sato S: B lymphocyte signaling established
by the CD19/CD22 loop regulates autoimmunity in the tight-skin
mouse. Am J Pathol 2004, 165:641–650

37. Bona C, Rothfield N: Autoantibodies in scleroderma and tightskin
mice. Curr Opin Immunol 1994, 6:931–937

38. Murai C, Saito S, Kasturi KN, Bona CA: Spontaneous occurrence of
anti-fibrillin-1 autoantibodies in tight-skin mice. Autoimmunity 1998,
28:151–155

39. Hatakeyama A, Kasturi KN, Wolf I, Phelps RG, Bona CA: Correlation
between the concentration of serum anti-topoisomerase I autoanti-
bodies and histological and biochemical alterations in the skin of tight
skin mice. Cell Immunol 1996, 167:135–140

40. Edwards JCW, Cambridge G: Prospects for B-cell-targeted therapy
in autoimmune disease. Rheumatology 2005, 44:151–156

41. Uchida J, Lee Y, Hasegawa M, Liang Y, Bradney A, Oliver JA, Bowen
K, Steeber DA, Haas KM, Poe JC, Tedder TF: Mouse CD20 expres-
sion and function. Int Immunol 2004, 16:119–129

42. Uchida J, Hamaguchi Y, Oliver JA, Ravetch JV, Poe JC, Haas KM,
Tedder TF: The innate mononuclear phagocyte network depletes B

B-Cell Depletion in a Model of Scleroderma 965
AJP September 2006, Vol. 169, No. 3



lymphocytes through Fc receptor-dependent mechanisms during an-
ti-CD20 antibody immunotherapy. J Exp Med 2004, 199:1659–1669

43. Hamaguchi Y, Uchida J, Cain DW, Venturi GM, Poe JC, Haas KM,
Tedder TF: The peritoneal cavity provides a protective niche for B1
and conventional B lymphocytes during anti-CD20 immunotherapy in
mice. J Immunol 2005, 7:4389–4399

44. Hamaguchi Y, Xiu Y, Komura K, Nimmerjahn F, Tedder TF: Antibody
isotype-specific engagement of Fc� receptors regulates B lympho-
cyte depletion during CD20 immunotherapy. J Exp Med 2006,
203:743–753

45. Sato S, Ono N, Steeber DA, Pisetsky DS, Tedder TF: CD19 regulates
B lymphocyte signaling thresholds critical for the development of B-1
lineage cells and autoimmunity. J Immunol 1996, 157:4371–4378

46. Sato S, Miller AS, Inaoki M, Bock CB, Jansen PJ, Tang MLK, Tedder
TF: CD22 is both a positive and negative regulator of B lymphocyte
antigen receptor signal transduction: altered signaling in CD22-defi-
cient mice. Immunity 1996, 5:551–562

47. Engel P, Zhou L-J, Ord DC, Sato S, Koller B, Tedder TF: Abnormal B
lymphocyte development, activation and differentiation in mice that
lack or overexpress the CD19 signal transduction molecule. Immunity
1995, 3:39–50

48. Meijerink J, Mandigers C, van de Locht L, Tonnissen E, Goodsaid F,
Raemaekers J: A novel method to compensate for different amplifi-
cation efficiencies between patient DNA samples in quantitative real-
time PCR. J Mol Diag 2001, 3:55–61

49. Dodig TD, Mack KT, Cassarino DF, Clark SH: Development of the
tight-skin phenotype in immune-deficient mice. Arthritis Rheum 2001,
44:723–727

50. Hultin LE, Hausner MA, Hultin PM, Giorgi JV: CD20 (pan-B cell)
antigen is expressed at a low level on a subpopulation of human T
lymphocytes. Cytometry 1993, 14:196–204

51. Algino KM, Thomason RW, King DE, Montiel MM, Craig FE: CD20
(pan-B cell antigen) expression on bone marrow-derived T cells.
Am J Clin Pathol 1996, 106:78–81

52. Quintanilla-Martinez L, Preffer F, Rubin D, Ferry JA, Harris NL: CD20�

T-cell lymphoma. Neoplastic transformation of a normal T-cell subset.
Am J Clin Pathol 1994, 102:483–489

53. Leandro MJ, Cambridge G, Ehrenstein MR, Edwards JC: Reconsti-
tution of peripheral blood B cells after depletion with rituximab in
patients with rheumatoid arthritis. Arthritis Rheum 2006, 54:613–620

54. Postlethwaite AE, Holness MA, Katai H, Raghow R: Human fibroblasts
synthesize elevated levels of extracellular matrix proteins in response
to interleukin 4. J Clin Invest 1992, 90:1479–1485

55. Duncan MR, Berman B: Stimulation of collagen and glycosamino-
glycan production in cultured human adult dermal fibroblasts by
recombinant human interleukin 6. J Invest Dermatol 1991,
97:686 – 692

56. Wynn TA: Fibrotic disease and the TH1/TH2 paradigm. Nat Rev Im-
munol 2004, 4:583–594

57. Skok J, Poudrier J, Gray D: Dendritic cell-derived IL-12 promotes B
cell induction of Th2 differentiation: a feedback regulation of Th1
development. J Immunol 1999, 163:4284–4291

58. Siracusa LD, McGrath R, Fisher JK, Jimenez SA: The mouse tight skin
(Tsk) phenotype is not dependent on the presence of mature T and B
lymphocytes. Mamm Genome 1998, 9:907–909

59. Baxter RM, Crowell TP, McCrann ME, Frew EM, Gardner H: Analysis
of the tight skin (Tsk1/�) mouse as a model for testing antifibrotic
agents. Lab Invest 2005, 85:1199–1209

60. Saito S, Nishimura H, Phelps RG, Wolf I, Suzuki M, Honjo T, Bona C:
Induction of skin fibrosis in mice expressing a mutated fibrillin-1 gene.
Mol Med 2000, 6:825–836

61. McGaha TL, Phelps RG, Spiera H, Bona C: Halofuginone, an inhibitor
of type-I collagen synthesis and skin sclerosis, blocks transforming-
growth-factor-�-mediated Smad3 activation in fibroblasts. J Invest
Dermatol 2002, 118:461–470

62. Zhou L-J, Tedder TF: CD20 workshop panel report. Leukocyte Typing
V. White Cell Differentiation Antigens. Edited by Schlossman SF,
Boumsell L, Gilks W, Harlan JM, Kishimoto T, Morimoto C, Ritz J,
Shaw S, Silverstein R, Springer T, Tedder TF, Todd RF. Oxford,
Oxford University Press, 1995, pp 511–514

966 Hasegawa et al
AJP September 2006, Vol. 169, No. 3


